Research on ionizing radiation (IR)-induced clonogenic cell death is important for understanding the effect of IR on malignant tumors and normal tissues. Here, we describe a quick and cost-effective one-step assay for simultaneously assessing the major modes of clonogenic cell death induced by IR, i.e., apoptosis, mitotic catastrophe, and cellular senescence. In this method, cells grown on a cover slip are irradiated with Xrays and stained with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI). Using fluorescence microscopy, apoptosis, mitotic catastrophe, and cellular senescence are identified based on the characteristic morphologies of the DAPI-stained nuclei. Apoptosis is determined by the presence of apoptotic bodies (i.e., condensed and fragmented nuclei). Mitotic catastrophe is determined by the presence of nuclei that exhibit two or more distinct lobes and micronuclei. Cellular senescence is determined by the presence of senescence-associated heterochromatic foci (i.e., nuclear DNA containing 30-50 bright, dense foci). This approach allows the experimenter to easily screen for clonogenic cell death modes using various cell lines, treatment settings, and/or time points, with the goal of elucidating the mechanisms of cell death in the target cells and conditions of interest.
Introduction
Ionizing radiation (IR) induces multiple modes of clonogenic cell death. Research on IR-induced clonogenic cell death is important for understanding the toxicity of IR to normal tissues, as well as for developing methods to increase the treatment efficacy of cancer radiotherapy. Apoptosis, mitotic catastrophe, and cellular senescence are the major modes of clonogenic cell death induced by IR 1 . Apoptosis is a regulated mode of cell death that is initiated by DNA damage 1 . Mitotic catastrophe is cell death that occurs due to aberrant mitosis resulting from unrepaired DNA double-strand breaks 1 . Cellular senescence is defined as a state of irreversible cell growth arrest 2 ; note that cellular senescence is not cell death per se, but it is a mode of clonogenic cell death because it abolishes the clonogenic survival of the senescent cell.
Various cell-based assays have been developed to individually assess apoptosis, mitotic catastrophe, and cellular senescence. Apoptosis can be assessed by terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining, annexin V staining, DNA fragmentation assays, and sub-G1 cell-cycle phase determination by flow cytometry 1 . Mitotic catastrophe can be assessed by immunofluorescence staining for mitotic markers, including MPM2, TUNEL staining, and electron microscopy 1 . Cellular senescence can be assessed by senescence-associated β-galactosidase (SA-β-Gal) staining, growth-arrest assays, and electron microscopy 1 . Importantly, the predominant mode of clonogenic cell death differs among cell lines and treatment settings 3, 4 . Therefore, to elucidate the overall profile of clonogenic cell death for a given experimental setting, multiple assays covering all of these modes of death must be conducted together, which is labor-and cost-intensive.
In this article, we describe a quick and cost-effective one-step assay for simultaneously assessing apoptosis, mitotic catastrophe, and cellular senescence induced by IR 3, 4 5. DAPI Staining 1. To a slide glass, apply 5 μL 1 μg/mL DAPI staining reagent.
NOTE: The DAPI staining reagent is stable for 6 months when stored protected from light at or below -20 °C. 2. Using a scalpel, remove the cover slip from the dish. 3. Draw off the excess PBS on the cover slip by touching the edge of the cover slip with a paper towel. 4. Mount the cover slip upside-down onto the drop of DAPI staining reagent on the slide glass so that the cells are exposed to DAPI staining reagent. NOTE: This step is time-sensitive. Drying of the DAPI staining reagent can lead to suboptimal staining. 5. The samples can be stored for 1 year at -20 °C.
Image Acquisition
1. Examine the sample on a fluorescence microscope. Nuclei are visualized using the DAPI filter.
NOTE: Either a 20X or a 60X oil lens can be used, according to the researcher's interest. When using a 60X oil lens, add one drop of oil onto the cover slip. Be careful that the samples do not touch the lens; otherwise, the lens can be damaged. 2. Acquire images of nuclei using a CCD camera and digital image acquisition software with the following settings and parameters: DAPI filter, monolayer images, gain of 1X, and automatic exposure. 3. Finish image acquisition: Wipe the 20X lens with paper towels moistened with lens cleaner. Wipe the 60X oil lens with paper towels moistened with chloroform.
Evaluation of Clonogenic Cell Death Mode
1. In randomly selected images, count the number of nuclei that meet the criteria for apoptosis, mitotic catastrophe, and cellular senescence until the total number of counted nuclei reaches 300. Conduct this step in triplicate for each experimental setting. 1. Criteria for apoptosis: presence of apoptotic bodies (i.e., condensed and fragmented nuclei) 6, 7 . 2. Criteria for mitotic catastrophe: presence of nuclei showing two or more distinct lobes or micronuclei 8, 9, 10 . 3. Criteria for cellular senescence: presence of senescence-associated heterochromatic foci (SAHF) (i.e., nuclear DNA containing 30-50 bright, dense foci) 2, 11 .
Representative Results
As an example, U2OS human osteosarcoma cells were treated with 6 Gy X-rays, incubated for 72 h, and subjected to the DAPI staining assay according to the protocol. Figure 1 shows zoomed images for the typical nuclear morphologies associated with apoptosis, mitotic catastrophe, and cellular senescence obtained using a 60× oil lens. Refer to steps 7.1.1-7.1.3 for the characteristic morphologies for each mode of clonogenic cell death. Figure 2 shows overview images of nuclei obtained using a 20X lens. Irradiation with 6 Gy X-rays induced mitotic catastrophe frequently, apoptosis less frequently, and cellular senescence rarely. In this manner, examination at a low-magnification field allows one to apprehend at a glance the overall picture of the clonogenic cell death profile in a given experimental setting. Figure 3 shows a graphical representation of the quantified data. 
Discussion
The critical steps within the protocol are as follows. First, cells should be grown on the culture dish as a monolayer because conducting a morphological assessment of DAPI-stained nuclei is difficult for multilayered cells. To this end, in step 2.9, careful transfer of the culture dish to an incubator is recommended; shaking of the culture dish generates a swirl of suspended cells that leads to the concentration of cells at the center of the culture dish. In addition, overconfluence leading to multilayered cells should be avoided. To this end, in step 2.7, the number of cells seeded on the culture dish can be modified based on the population doubling time and the interval between irradiation and fixation. A confluence of approximately 80 at the time of fixation is recommended. Second, speed is important in fixation and DAPI staining (i.e., steps 4 and 5). Inter-In step 2.2, the number of cover slips in a single culture dish can be increased; a maximum of four cover slips can be placed in a 35 mm dish, and the number can be further increased using larger dishes. Placing multiple cover slips in each culture dish enables the efficient operation of time course assessment for a given treatment (i.e., the cover slips can be collected from a culture dish one by one at multiple time points of interest).
In step 3.2, the irradiation dose can be modified according to the researchers' interest. The application of a consistent dose to multiple cell lines enables the comparison of the sensitivity to each mode of clonogenic cell death among the cell lines. On the other hand, the use of isoclonogenic survival doses for each cell line enables comparison of clonogenic cell death profiles among the cell lines. The iso-clonogenic survival dose can be determined by the clonogenic survival assay 12 . The D 10 value, the dose that provides 10% clonogenic survival, is a common endpoint for the iso-clonogenic survival dose.
In step 3.3, the time from irradiation to fixation can be modified according to the researchers' interest; this is important because the peak time for IR-induced apoptosis, mitotic catastrophe, and cellular senescence varies according to cell line and treatment. In this article, we used 72 h after irradiation as the time point that would be most useful for the initial screening of clonogenic cell death profiles, based on multiple studies by our group and others described as follows 1, 2, 3, 4, 8, 9 : (i) X-ray-induced apoptosis in cells established from solid tumors mostly occurs a few days after irradiation. (ii) X-ray-induced mitotic catastrophe in cancer cells occurs most prominently at the second or third mitosis after release from the temporary cell-cycle arrest induced by irradiation. The release usually occurs approximately 24 h after irradiation, followed by repeated mitoses at intervals of approximately 24 h. (iii) X-ray-induced cellular senescence becomes evident after an interval dependent upon the cell line in question: 2 days after irradiation for some early cases, and 7 days after irradiation for most cell lines. After obtaining an overall picture of the clonogenic cell death profiles from the initial screening, time course experiments will provide a more detailed elucidation of the peak time for each mode of clonogenic cell death in the specific cell line and/or condition of interest 4 .
It should be noted that the DAPI staining assay and the clonogenic survival assay, a gold standard method for radiation sensitivity assessment, are not interchangeable. Apoptosis and mitotic catastrophe only last for hours. Thus, the DAPI staining assay for a given time point detects apoptosis and mitotic catastrophe that occurs at the time point of the assessment. On the other hand, the results of the clonogenic survival assay at a given time point include the total amount of apoptosis and mitotic catastrophe that had occurred during the incubation period for typically 10 -14 days after irradiation. Different from apoptosis and mitotic catastrophe, senescent cells remain on the culture dish; they accumulate gradually over time after irradiation. Therefore, the results of both the DAPI staining assay and the clonogenic survival assay reflect the total amount of senescence that occurred during the incubation period. Importantly, the proportion of apoptosis, mitotic catastrophe, and senescence induced by irradiation varies widely according to cell line and irradiation dose. Taken together, theoretically, the results of one assay cannot be translated directly into those of the other assay.
The DAPI staining assay has a few limitations. First, it remains controversial whether mitotic catastrophe is a distinct mode of cell death. In the field of radiation biology, mitotic catastrophe is considered a major mode of IR-induced cell death that is distinct from other mechanisms of clonogenic cell death 1 . On the other hand, others argue that mitotic catastrophe is not a distinct mode of cell death but rather a process that precedes cell death including apoptosis and necrosis 13, 14 . Thus, apoptosis and mitotic catastrophe may overlap to some extent. Second, previous studies suggest that cellular senescence can occur in the absence of SAHF in some cell lines and treatment settings 2 . At present, other assays specifically designed for each clonogenic cell death mode should be used to increase the robustness of the conclusions of a given experiment. Third, the DAPI staining assay cannot assess modes of clonogenic cell death other than apoptosis, mitotic catastrophe, and cellular senescence (e.g., necrosis and autophagy). Fourth, the utility of the DAPI staining assay as a predictor of tumor response to radiotherapy has not been elucidated in the clinic. From this point of view, the clonogenic survival assay, which assesses the total amount of clonogenic cell death, is superior to the DAPI staining assay because a correlation has been established between SF2, the surviving fraction of cells irradiated with 2 Gy X-rays, and the tumor response to radiotherapy 15 . Nevertheless, it is noteworthy that the clonogenic survival assay is not utilized widely in the clinic, mainly due to the requirement for a high degree of expertise and a long period of time (i.e., 14 days) for data acquisition. By comparison, the procedure for the DAPI staining assay is simpler and takes significantly less time, approximately 3 -4 days, to generate results. The utility of the DAPI staining assay as a predictor of tumor response to radiotherapy will be tested in the clinic in the near future.
In summary, the DAPI staining assay is a cost-effective one-step assay to simultaneously assess the three major modes of IR-induced clonogenic cell death. This approach allows one to easily screen for the modes of clonogenic cell death for various cell lines, treatment settings, and time points, with the goal of elucidating the mechanisms of cell death in the target cells and conditions of interest.
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